Aims: To identify, isolate, and characterize a lytic bacteriophage against the multiple-drug resistant clinical strain of Pseudomonas aeruginosa-2995 and to determine the phage efficacy against the bacterial planktonic cells and the biofilm. Main methods: Wastewater was used to isolate a bacteriophage. The phage was characterized with Transmission electron microscopy (TEM). Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS PAGE) was used to identify the expressed proteins. Bacteria were cultured in both suspension and biofilm to check and compare their susceptibility to phage lytic action. The activity of the phage (determined as AZ1) was determined against P. aeruginosa-2995 in both planktonic cells and the biofilm. Key findings: A bacteriophage, designated as AZ1, was isolated from waste water showing a narrow host range. AZ1 was characterized by TEM and could be identified as an isolate in the family Siphoviridae [order Caudovirals]. Seventeen structural proteins ranging from about 12 to 110 kDa were found through SDS-PAGE analysis. Its genome was confirmed as dsDNA with a length of approx. 50 kb. The log-phase growth of P. aeruginosa-2995 was significantly reduced after treatment with AZ1 (4.50 × 10 8 to 2.1 × 10 3 CFU/ml) as compared to control. Furthermore, phage AZ1 significantly reduced 48 h old biofilm biomass about 3-fold as compared to control. Significance: Pseudomonas aeruginosa is a ubiquitous free-living opportunistic human pathogen characterized by high antibiotic tolerance and tendency for biofilm formation. The phage, identified in this study, AZ1, showed promising activity in the destruction of both planktonic cells and biofilm of P. aeruginosa-2995. However, complete eradication may require a combination of phages.
Introduction
Pseudomonas aeruginosa is known to be an opportunistic pathogen and a gram-negative bacteria. It is a part of human skin normal flora [1, 2] . In nature, it is ubiquitous and can be found in many diverse environmental settings. It can be isolated from various living sources, like animals, humans, and plants [3, 4] . P. aeruginosa is considered to be the 3rd leading cause of nosocomial urinary tract infections (UTIs). Similarly, P. aeruginosa worsens the prognosis of patients with lower and upper respiratory tract infections such as cystic fibrosis that leading to the high death rates, specifically in immunocompromised patients [5] .
P. aeruginosa is resistant; showing both intrinsic and acquired resistance to a wide range of antimicrobial drugs. The resistance is the ultimate fate of failure of antibiotic therapy [6, 7] . The ability to withstand harsh environmental conditions and to survive on minimal nutrients are the unique qualities of P. aeruginosa which favors the bacterium to flourish in both environmental and hospital settings [4] . Under certain conditions, P. aeruginosa forms structured aggregates referred to as biofilms [8] . The biofilms confer superior survival ability by providing a physical barrier to the entrance of antimicrobial drugs [8, 9] . Furthermore, failure of current methods to treat biofilm acquired infections has ignited the search for better alternatives [10] , specifically against P. aeruginosa [11] . Hence, to treat multi-drug resistant (MDR) bacteria; a number of strategies, such as the development of potential therapeutics for disruption of biofilms, down-regulation of known virulence genes and regulation of genetic factors crucial for pathogenesis and quorum sensing have been proposed [12, 13] . Another demanding and novel method for controlling the emergence of new antibiotic-resistant bacteria instead of increasing antibiotic usage is phage therapy, employing bacteriophages [14] .
Bacteriophages are frequently found entities on the earth. Their ability to kill target bacteria makes them potentially useful candidates as antibacterial agents [15] . They are known to encode and express enzymes that degrade elements of the biofilm matrix. They are also known to express depolymerizing enzymes that degrade the exopolymeric substances [16, 17] . The phages even can target mature biofilms [18] . Mechanistically, they replicate in their host's cells giving rise to an exponential increase in their numbers, thereby eliminating the biofilm producing bacteria and reducing their regeneration potential [19] . Although phages infect persistent inactive cells, they cannot replicate within them. However, they reactivate these cells to commence productive infection [20] .
Currently, there are two main strategies -monophage therapy that involves the application of a single phage type, and the polyphage therapy that involves the use of more than one phage in a formulation [21, 22] . Also, phage resistance if potentiated can be handled by using phage 'cocktails' with different combinations of phage formulations that target different host-bacteria presenting receptors [17, 23] .
The objectives of the study were, therefore, to isolate and characterize a virulent bacteriophage (named as AZ1) against the multipledrug-resistant clinical strain of P. aeruginosa-2995 and also to find its efficacy in eradicating P. aeruginosa-2995 (planktonic cells and biofilm). To the best of our knowledge, this is the very first study to report a phage from the waste water along with its promising activity against a virulent and multiple drug-resistant clinical isolate of P. aeruginosa in Pakistan.
Methods

Identification of bacterial strain
A biofilm forming clinical bacterial strain of P. aeruginosa previously collected from the Railway General Hospital, Pakistan. The strain was confirmed through ribotyping. For molecular detection, the 16S rRNA containing P. aeruginosa was amplified through PCR using reported universal primers RS-1 and RS-3 [8] . Agarose gel (1%) was used to visualize the amplicons. The PCR product was purified from the gel using a kit method (Invitrogen™, Carlsbad, USA). The eluted amplicon was sequenced by the Department of Cancer Genetics, the University of Florida, USA. For bacterial identification, 16S rRNA gene fragment was subjected to BLAST analysis.
Antibiotic sensitivity of clinical strain of Pseudomonas aeruginosa-2995
The antimicrobial susceptibility was performed for the clinical strain along with a control strain of ATCC following standard protocol from the Clinical and Laboratory Standards Institute [25] . Ten different antibiotics including amoxicillin (AML-25), ciprofloxacin (CIP-5), erythromycin (E-15), tetracycline (TE-30), sulphamethoxazole/trimethoprim (SXT-25), streptomycin (S-10), ampicillin (AMP25), ceftazidime (CAZ-30), doxycycline (D-30), and gentamycin (GM-30) were successfully used to potentiate their effect on a clinical bacterial strain of P. aeruginosa.
Phage isolation and purification
A bacteriophage against of clinical strain of P. aeruginosa was isolated from waste water. Approx. 50 samples of waste water were collected from multiple locations in Rawalpindi, Pakistan. The phage, named as AZ1, was identified and isolated following previous protocols [26] with some minor modifications. Phage titer was determined by plaque assay. Plaque assay was done by mixing phage filtrate (100 μl) and culture (100 μl) of P. aeruginosa-2995 strain (OD 600 = 1) in a test tube containing 3 ml of soft LB agar at 50°C. This phage-bacterial mixture was gently spread onto the surface of the LB agar containing petri plates and were kept to hardened for 15-20 min. To purify the phage, a single clear plaque was processed after an overnight incubation at 37°C.
Phage host-range
The phage AZ1 was determined for the host range by using a number of Gram-negative and Gram-positive bacteria (Table 1) . Spot test was used to investigate bacterium susceptibility phage following a previous study [27] . The cultured plates were incubated at 37°C/overnight. As a negative control plates with no phage were used.
pH and heat stability of phage
Heat and pH stability tests were conducted for the phage following a previously described protocol with some modifications [28] . Phage suspension for each temperature was taken in an 1.5 ml tube and kept at different temperature i.e. (37, 45, 50, 55, 60, 65, 70 and 80°C for 1 h. Phage suspensions were incubated at their corresponding selected temperatures. A method described earlier as soft agar overlay was used to analyze the phage survival rate. For determination of phage pH stability, a gradient of pH was settled to range from 1 to 11. For this experiment, phage suspension (1 ml) was added to the tryptic soy broth (9 ml) with a specific pH followed by incubation at 37°C/overnight. Each sample (phage AZ1 suspension) was incubated for 16 h prior to testing them for the host bacteria employing soft agar overlay method.
Effect of calcium ions on phage adsorption rate
A 50 ml culture of P. aeruginosa-2995 established in a flask was subdivided equally into two separate flasks. One was inoculated with a phage suspension (250 μl ≈ 3.5 × 10 8 PFU/ml), while the other flask was inoculated using phage suspension (250 μl) along with CaCl 2 (250 μl, conc. of 10 mM). After incubation, samples were collected from the flasks at specific time intervals i.e. 0, 10, 20, and 30 min and free phages were measured in the control as well as the calcium supplemented phage suspension. The influence of calcium ion on adoption of phage to its bacterium host was determined. The formula used was based on the free phages percentage -which equals to N/N o × 100, whereas, N 0 is PFU/ml at T = 0 min and N is PFU/ml at T = 10, 20 and 30 min, respectively [28] .
One step growth
Bacteriophage latent time and the burst size were determined by one step growth procedure according to the previously employed methods [8] . P. aeruginosa 2995 culture (50 ml) was incubated until an OD 600 equaled 0.4. The bacterial cells were then pelleted down through centrifugation. The pellet was re-suspended in LB broth (0.5 ml) and mixed with of bacteriophage suspension (0.5 ml ≈ 2.1 × 10 8 PFU/ml).
The phage was kept to adsorb to the host bacterium for 1 min. Then unbound free phages were removed by centrifuging the mixture at 14,000 rpm for 30-40 s. The pellet was re-suspended in a fresh LB media (100 ml) and was incubated at 37°C continuously. Samples were taken out in the tube from bacterial culture flask after each interval of 3 min. Again, the soft-agar overlay method was used to find out the phage titer.
Morphology of the phage
Phage morphology was determined by methods used by Jamal et al. [24] . A phage titer (≈ 10 10 PFU/ml) was diluted 10 fold in 1× Phosphate Buffer Saline (PBS) KCl (0.20 g), NaCl (8.0 g), Na 2 HPO 4 (44 g), KH 2 PO 4 (0.24 g), in distilled water (1 L, pH 7). The phage suspension was added to the surface of film (formvar carbon) with 200 mesh copper grids. For negative staining of the samples uranyl acetate (2%) was applied. The grids were then immediately blotted with a filter paper. The copper grids loaded with samples were then air dried. The grid was kept into electron microscope (Hitachi, Tokyo, Japan) run and analyzed at 100 kV in the facility available at the Interdisciplinary Center for Biotechnology Research, University of Florida, Gainesville, USA. Morphological features were used to classify the phage AZ1 following the International Committee on Taxonomy of Viruses guidelines [29] .
Isolation and restriction analysis of phage DNA
The bacteriophage virus DNA was extracted following the kit (Qiagen®, USA) manufacturer's instructions. About 50 ml bacterial culture was established and was inoculated with phage filtrate. After a suitable incubation time, the phage filtrate (50 ml) was treated with chloroform (2%) (v/v) for further 20-30 min at room temperature to lyse the intact bacterial cells. Bacteriophage filtrate was centrifuged at 16,000 rpm for 20-30 min for removal of debris of bacterial cells and retain the suspension only containing phages. After that several steps of different buffers treatment followed by centrifugations were performed as per manufacturer's recommendations for phage DNA isolation. Finally DNA was isolated. EcoRI restriction enzyme (New England Biolab, Canada) was used to digest phage nucleic acid, following predefined procedures [30] . Phage DNA (40 μl) was digested for 16 h at 37°C and digested DNA was subjected to agarose (0.7%) gel electrophoresis. DNA bands were analyzed under UV trans-illuminator.
Phage protein analysis
For phage proteins isolation, phage was pellet down from the suspension using ultracentrifugation (32,000 rpm for 4 h). The pellet (i.e. bacteriophages) was re-suspended in PBS (1 ×, pH 7.0) and pelleted down again to remove any residual bacterial proteins. The pellet was then washed thrice using ammonium acetate solution (0.1 M, pH 7.0). Finally the pellet was re-suspended in PBS solution. Sterile Eppendorf tubes (1.5 ml) were used to collect the phage suspension and boiled at 100°C for 8-10 min in a water bath. After boiling about 5-10 μl of the phage samples were sheared with the loading dye and protein separation was done on SDS-PAGE (12% acrylamide) [31] . Finally, staining of the gel was done for visualization of proteins with Coomassie Blue G-250.
Susceptibility of P. aeruginosa-2995 planktonic cells
Bacterial susceptibility to individual specific phage was analyzed using standard protocol with some modifications [32] . Bacterial cells suspension was grown to ≤ 2 × 10 8 cells/ml) in normal saline (0.9% NaCl). Approx. 20 ml TSB (tryptic soy broth) was refreshed with the suspension. This bacterial culture was incubated with constant shaking at 130 rpm/37°C, until a suitable turbidity was achieved. The highly susceptible strain of P. aeruginosa-2995 was treated with (≈ MOI of 1.0) with AZ1 (2.5 × 10 8 PFU/ml and phage MJ1 (2.1 × 10 8 PFU/ml).
Phage MJ1 was used as a negative control which is a non specific phage for P. aeruginosa-2995 and has been previously reported by Jamal et al. [33] . The lytic activity of AZ1 and MJ1 hosting planktonic cell cultures of P. aeruginosa-2995 in their exponential phase of growth was determined for 5 h. Samples were taken at different time interval, that are, 60, 120, 180, 240 and 300 min, serially diluted 10-fold, and the OD 600 was taken in an ELISA plate reader (BioTek, USA). Serial dilution of each sample was done and plated in three replicates in TSA. Colonyforming unit (CFU) was calculated as described by Sillankorva et al. [34] . These plates were incubated at 37°C for an overnight duration. To determine the phage titer in the suspension within the growing bacteria, the samples were collected after every hour and the quantified using serial dilution procedure. The whole experiment was replicated three times.
Development of a biofilm
Biofilms were formed for a time period of 48 h on SS plates (1 cm × 1 cm) by the methods previously described by Cerca et al. [35] with some modifications. The SS plates were placed in six well plates and 50 μl bacterial culture (OD 600 = 1) were deposited on SS plates and 6 ml of TSB was added to well in such way not to disturb the bacterial culture on the plate surface. The six well plates having SS plates were incubated at static incubator at 37°C for 48 h. Bacterial cells count on SS plates for biofilms formed was determined by a method as described by Sillankorva et al. [34] . Along with, a control (negative) was used for the biofilms to be immersed overnight in an SM buffer and TSB containing solution. The SS plates with biofilms were washed carefully by immersion in a freshly prepared PBS (1 ×). These washed SS plates were transferred into a tube containing 3 ml of normal saline (0.9%) and vortexed vigorously with high speed. Afterwards, Serial dilutions were prepared and CFU was calculated by spreading various dilutions on TS agar plates.
Susceptibility of P. aeruginosa-2995 biofilm
Bacterial biofilms formed were treated with phage stock suspensions. Biofilms formed for 48 h were treated with phage suspensions for 6 h. After phage treatment, the SS plates (biofilms) were immersed carefully fresh PBS (1 ×) and then transferred to a new fresh well containing TSB (3 ml) and phage suspensions (3 ml). These micro-plates containing SS plates were incubated for 6 h at 37°C. At the same time negative control experiments were done. Effect of phage suspension on bacterial biofilms prior and post phage treatment was analyzed. Phage suspension treated SS plates were washed in PBS (1 ×) solution. After phage treatment of SS plate were drained carefully in PBS (1 ×) and consequently transferred to a tube containing 3 ml normal saline. These SS plates were vortexed and mixed to remove all the phages adhering to SS plate surfaces. After this serially dilutions were formed in SM buffer and soft agar overlay assay was performed for CFU calculation as described by Cerca et al. [32] .
Scanning electron microscopy of the biofilm
Biofilm formed on SS slides were fixed by the method as per previous description by Sillankorva et al. [34] with minor modifications. SS plates were removed from the media with the help of forceps and carefully washed by dipping three times in PBS (1 ×) solution. After PBS washing the SS plates were placed in glutaraldehyde (2.5%) at 4°C and fixed for 1 h. After fixation the SS plates were subjected to drying procedure by using ethanol series. Biofilm samples were dehydrated with an ethanol series ranging from 30% to 100%. Each step of ethanol treatment was ranging from 5 to 10 min. After drying the biofilm SS plates after drying were further processed for SEM analysis. Biofilm formed on SS plates were mounted on carbon adhesive tabs on aluminium specimen mounts. SS plates were rendered for conduction with Au/Pd, (Denton Desk II sputter coater). For biofilm detection, both treated and control SS plates were examined under scanning electron microscope (Hitachi S-4000, High Technologies America, USA) and scanning electron micrographs of high magnifications were obtained through software (PCI Quartz) at Electron Microscopy and Bio-Imaging Lab (EMBL), Interdisciplinary Center for Biotechnology Research (ICBR), University of Florida (UF) USA.
Statistical analysis
Data have been expressed as means the standard deviation of the mean. MS Excel (2007) was used to performed statistical analysis. For a mean difference of control and treated samples of biofilm and planktonic culture student's t-test was used. P value ≤ 0.05 was considered statistically significant.
Results
Identification of bacterial strain
The identification of bacterial strain was carried out through molecular typing. An approx. 470 bp fragment of DNA was amplified with PCR reactions followed by sequencing. The sequence was subjected to BLAST to identify similar sequences in the NCBI database. BLAST showed 100% nucleotide sequence homology to P. aeruginosa. The sequence was submitted to the NCBI database [GenBank KJ438816].
Antibiotic sensitivity of P. aeruginosa-2995
Following CLSI guidelines, the antibiotic sensitivity of P. aeruginosa was determined through disc diffusion assay which showed that P. aeruginosa-2995 was resistant to Amoxicillin, Sulphamethoxazole/ Trimethoprim, Ampicillin, Erythromycin, Doxycycline, and Ciprofloxacin while susceptible to Ceftazidime, Streptomycin, and Gentamycin.
Phage isolation
A phage was isolated which developed clear plaques against host bacteria. These plaques had well-defined boundaries produced by the probable lytic action of the phage, and were ranging from 0.3 to 1.0 mm in diameter. The phage was designated as AZ1 (Fig. 1A & B) .
Phage-host range
To determine the host range, the AZ1 phage was used to infect thirty-four bacterial strains. Spot test method was used for initial selection of sensitive strains. The strains were further confirmed by plaque assay. Only P. aeruginosa-2995, P. aeruginosa-2949, P. aeruginosa-37, E. coli CR-061, A. xylosoxidans and P. aeruginosa-2941 were found susceptible (Table 1) . However, the remaining bacterial strains were found resistant to phage AZ1. It may be concluded from the results that the phage-host range was quite narrow.
Heat and pH stability
Heat stability test was done at pH 7 to investigate the heat tolerance of phage. The phage was almost 100% stable at 37°C. Based on the results, the phage AZ1 was found stable at temperatures ranging from 37°C and 65°C. Nevertheless, incubation at 70°C for 1 h was lethal to the phage by making it as completely ineffective (Fig. 2A) .
The phage optimal pH was also investigated. Phage pH stability was determined using various pH values each for 16 h, at 37°C. Although, the phage was highly stable at pH 7, it showed promising stability at pH 3, 5, 9 and 11. The phage at pH 1 was totally inactive with no plaque formation activity. However, increase in the number of plaques were observed with increasing pH. Highest numbers of plaques were observed at pH 7 which was sustained up to pH 11 as shown in the Fig. 2B. 
Effect of calcium ions on phage adsorption rate
The influence of Ca ++ on phage adsorption to the bacterial cells was analyzed by the addition of CaCl 2 (10 mM) to the mixture of phage and P. aeruginosa-2995. The number of free phages, at different time intervals of 0, 10, 20, and 30 min retained in the solution (unbounded) was measured. The results showed an obvious difference between the Ca ++ treated AZ1 and control. It was concluded that Ca ++ stabilizes the process of adsorption to the host. In Ca ++ treated sample, free phages are decreased compared to the control as shown in the Fig. 3A .
Burst size and latent time period
Phage AZ1 latent time period and burst size were determined by one-step growth experiment. A tri-phasic curve was obtained. The curve consisted of a latent phase, the log phase, and a stationary phage. Phage latent time period was 33 min while the burst size was 326 phages per cell (Fig. 3B) .
Phage morphology
Transmission electron microscopy study revealed that AZ1 phage has a head of the width (61 ± 10 nm), length (49 ± 7 nm) with a non-contractile tail of (128 ± 13 nm) long and (10-15 nm) wide. On the basis of DNA and morphological features phage AZ1 most probably a member of Siphoviridae family of the order Caudovirals. All the values measured were means of ± SD from a triplicate experiment (Fig. 4) .
Isolation and restriction analysis of phage DNA
The phage AZ1 DNA was analyzed on an agarose gel. Phage genome had a double-stranded DNA (dsDNA) of about 50 kb (Fig. 5A ) and produced multiple bands upon EcoRI restriction digestion ranging from 1.2 to 20 kb (Fig. 5B) .
Phage structural proteins
A total seventeen (17) AZ1 phage proteins were detected through SDS-PAGE. The phage proteins molecular ranged approximately from 12 to 110 kDa (Fig. 5C) . 
Susceptibility determination of P. aeruginosa-2995 planktonic cells
The highly susceptible P. aeruginosa-2995 strain was treated (≈ with MOI 1.0) with phage AZ1 and MJ1. The lytic activity of AZ1 and MJ1 against the planktonic cultures of P. aeruginosa-2995 was determined in its exponential growth phase (Fig. 6A) . The bacterial planktonic culture showed susceptibility to AZ1 but not to MJ1. Phage AZ1 caused maximum bacterial biomass reduction when compared to the control and MJ1. The maximum bacterial biomass ranges from 4.50 × 10 8 to 2.1 × 10 3 CFU/ml. However, No bacterial resistance was observed during 5-h treatment to phage AZ1.
Susceptibility of P. aeruginosa-2995 biofilm
The action of phage AZ1 versus MJ1 determined on P. aeruginosa 48 h old biofilm formed on SS plates. The already formed biofilms were challenged with phage AZ1 and MJ1 for 6 h. The biomass reduction of the biofilm was determined in the form of colony-forming unit (CFU). We observed a clear difference in bacterial biofilm biomass among the treated samples and the control (untreated) (Fig. 6B) . Phage AZ1 showed about a 3-fold reduction in biomass as compared to the control.
Hence, the phage AZ1 showed a remarkable effect causing the 3-fold reduction of the biofilm which was determined statistically by t-test (P < 0.05) and comparing with the non-specific phage MJ and the negative control.
Scanning electron microscopy of biofilm
For further confirmation of biofilm formation and observing the effect of phage AZ1 on biofilm scanning electron microscopy was performed. Fig. 7A showed the 48-h biofilm of P. aeruginosa (biofilm without phage). Similarly, Fig. 7(B) , showed the effect of phage MJ1 while the panels C and D showed the effect of phage AZ1 on 48 h (twoday-old) biofilms, respectively. It was deduced from the images of SEM analysis that the phage AZ1 showed an evident effect on 48-h biofilm.
Discussion
Multiple-drug resistant P. aeruginosa, is emerging as one of the leading causes of hospital-acquired infections around the world, particularly in developing countries [36] . The indiscriminate use of antimicrobials has made bacteria resistant to all clinically available antibiotics, even to the last line antibiotics carbapenems [37] . Antibiotic resistance in P. aeruginosa is generally due to chromosomally encoded efflux and its low outer membrane permeability. P. aeruginosa has the propensity to make biofilms which makes a physical barrier and restricts the access of the antibiotics which in turn makes most of the antibiotics futile [35] . Due to such an alarming situation alternative therapeutic strategy for P. aeruginosa was investigated [38, 39] . In this regard, bacteriophages are considered very promising for controlling bacterial infections that cannot be easily treated with antibiotics used in empirical therapy. The widespread abundance and prevalence of bacteriophages in the environment make them ideal candidates to be used as antibacterial agents [20] . However, very small number of phages (about n = 300) have been extensively characterized from the environment [40] . Although, phage therapy has the potential to effectively eradicate drug-resistant bacteria, it has not been given considerable attention in past. A major reason attributed to the potential phage therapy could be the application of uncharacterized phages mixture that may result in inconsistent outcomes.
Owing to the increased resistance to modern antimicrobials by bacterial communities and potential of phage therapy in eradicating those bacteria, it is necessary to isolate, characterize and screen new phages against multidrug-resistant bacteria [41, 42] . Phages generally are very specific in their target, and can inhibit particular species or strain of bacteria. To date no potential phage is known to clear/kill all strains of P. aeruginosa. This high specificity of phage-host relationship leads to the need for the isolation of novel phages which can be lytic for MDR strains of P. aeruginosa.
In this study, the phage AZ1 was isolated from sewage water. Sewage water is known to contain a huge genetic diversity of microbes probably due to contamination from different sources including fecal and hospital wastes [10] . The isolated phage is highly lytic in nature with a short host range -thereby, infecting only P. aeruginosa-2995, P. aeruginosa-2941, P. aeruginosa-2949, E. coli CR-061, P. aeruginosa-3, and Achromobacter xylosoxidans. Phages attach to specific receptors on the host cells and show the least affinity for different receptors on bacterial surface [10] .
Multiple studies have found that bacteriophages vary in pH and thermal stability. The phage AZ1 was found tolerant to temperature ranging between 37°C and 65°C, however, was killed at 70°C. AZ1 also showed pH stability with a wide range from 3 to 11, with high stability at pH 7.0. AZ1 phage became inactive at lower pH (pH 0, 1, 2).
The wide range of pH stability may be valuable for its use in different environmental setups [43] .
AZ1 infectivity was increased with 10 mM calcium chloride concentration. The calcium ions are known to stabilize the ligand-receptor interaction between virions and the bacteria during the adsorption process due to electrostatic interactions [17] . Jamal et a.l [24] has reported that in the presence of 5 mM CaCl 2 , a significant increase in adsorption of the phage occurred, when compared with the phage titer found without any added cations.
P. aeruginosa-2995 was screened against ten different commercially available antibiotics for its resistance profile. P. aeruginosa-2995 was found resistant to 7 antibiotics out of 10. As biofilm poses many times resistant to antibiotics and consequently resistant nature of bacteria can make biofilm resistant to further complexity.
Biofilm forming microorganisms are often tolerant to antimicrobial drugs, disinfectants, and biocides [44] . Hanlon et al. [21] have reported that bacteriophages could disintegrate 20 days old mature Pseudomonas biofilm. They also demonstrated that alginate polymers were degraded by phage enzymatic activities. Mechanism of biofilm inhibition varies among phages [45] . Phages inhibit bacterial biofilm either by killing bacteria directly before they attach to the surface or after they colonize the surface [41] . Carson et al. [10] has described the potential application of bacteriophages on inhibition of biofilm formed on surfaces of the medical devices. Up to 90% reduction was observed in both Proteus mirabilis and E. coli biofilms on bacteriophage-treated catheters when compared with untreated control tests.
In our study, the planktonic cells of P. aeruginosa in the exponential growth phase (Fig. 6A) were highly susceptible to the phage AZ1 while the cells were resistant to non-specific phage and the control. Similarly, our results for single species biofilm (48 h) treated (for 6 h) with AZ1 phage treatment showed about 3-fold reductions as compared to using a non-specific phage MJ1 (Fig. 6B) . To this end, certain studies obviate that natural phages can penetrate biofilms [16] even when they do not produce any polysaccharide depolymerases [46] .
Although, this study is significant in a way that it identifies and characterizes a wastewater phage AZ1 with a very promising activity against the MDR P. aeruginosa, the complete phage genome sequencing, comparative genome studies and phylogenetic analysis are to be done in the near future. Fig. 7. Scanning electron microscopy of biofilm, (A) showing the 48 h (two-day-old) biofilms of P. aeruginosa-2995 (biofilm without phage). Similarly, (B) shows the effect of phage MJ1 while (C) and (D) show the effect of phage AZ1 on (two-day-old) biofilms, respectively.
Conclusion
To conclude, the isolated bacteriophage AZ1, in this study, was a pathogenic phage, having a promising heat and pH stability. The AZ1 is a lytic phage with good activity against MDR P. aeruginosa-2995 considering both planktonic cells and the biofilm. However, the AZ1 phage did not eradicate P. aeruginosa-2995 biofilm, completely. Thus, for more effective and complete eradication, a phage cocktail may be used. This study further provides data that could be useful for designing a promising phage control strategy against bacteria.
